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Section 1
INTRODUCTION

Cumsently, the Materials Directorate Laser Hardened Materials
Branck is conducting an in-house research program cestersd on
aligned organic structures for nonlinear optical applications. Osganic
materials =ahibiting high nonlinear optical (NLO) behavior {1,2] kave
shown promize in 2 variety of optical devices. Optically NLO
materials are curmrently being examined dee to their applicadility in
controlling sad manipulating the temporal, spatial, and frequency
properties of light {3]. Because oidering of the NLO chromophore can
give rise to large response amplitudes, oae sysiem curréntly being
investigated are liquid crystalline materials which inherently possess
order on a molecular scale.

Liguid crystalline materials may bhe defined as a
thermodynamically stable bulk state of matter with a degree of
internsi order inisrmediate that of isotropic fluids and crysialiire
solids. This yields mazterials which combine ibe viscosity, elastic
properties, diclectric properties, and rcsponse times of a  ligquid with
the long-term order and birefringence chasacieristic of crystalliae
materials. Thus these materials exhibit anisotropy in their
mechanical, elecwical, magnetic, and optical properties.

The three-dimensional order present within a crystalline solid
usvally breaks down when heated 1o itz meRing point to yleld an
isotropic liquid where the molecules wwmbie and rotate freely.
Thermotropic materials instcad undergo an incremeatal melting

where upon heating there is a systemaiic br-<kdown in the
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molecviar order as shown in Figure 1. This conwuiled melting is

driven by the anisotropy and chemical structure of the moleculss.
These pbases are thermodynamically stable and thus have to be
considered as a separate paase of matter intermediaie between a
iiguid and a solid. ‘fhermotropic mesophases may occar avei a broad
range of iemperateres permitiing the fabrication of temperature
dependent materials.

The breakdov n in order with temperature has historically
been used 1o classify thermotropic liguid crystais. Rod- or laths-
shaped molecules can be divided into two main classificaiions:
nematic and smectic.  Nematic liquid crystals have lost all positional
order and only maintain orientaticnal osder due to the molecule’s
physical anisotropy (Figure 2{(a)).. The average dircction of the
molecular Jong axes can be represemted 5y a unit vector. The centres
of mass of these molecules are free 10 iranslate in any direction thus
forming an anisoiropic liquid. Thc incorporation of a chiral ceater
into a nematic-forming molecule will result in the formation of a
cholesteric mesophase. Although this mesophase only has
cricntational ordes, the unit director is rotated in space yielding a
material which has an optic axis perpendicular to the nmiane of the
molecules (Figure 2¢b)). 7The mesophase can thus be modeled as
sheets of nematic liquid crystals where cach Izjer Is slightly rotated
with respect to each other. The distance i1 takes for the director
rotate 3600 is defined as the pitch.
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Figure 1: Schematic of incremenial melting
N process of anisotropic molecules
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Figure 2: Nematic (a) and cholesteric (b) liquid
crystal orienmtation




The second major classification for lathe-shaped molecules are
the smectic mesophases. This class of materials has at least one
degree of positional order as well as the orientational order prescat
with nematics. Although there are at least nine different smectic
classifications, the most common mesophases are shown in Figure 3.
Smectic A materials pack in 3 layered form =zalthough the layers
freely slide over one ancther and the molecules are free to rotate
and traverse within the layers. Smectic B layers are similar encept
they bhave hexagonal order within the layers. Again, the molecules
sre frec to rotate, and the layers are free to slids over one another.
The smectic C mescphase is the tlted analog of the smectic A
mesophasey and these can exhibit unique optical properties when the

molecules are chiral,

{©
Figure 3: Common smectic mesophcses: {c) xmectic A,
(b} smectic B, ardi (c} smectic C




One liquid crystalline system currenily being examined is the
cyclic siloxane-based materials whick are ordered on both the
microscopic and macroscopic sczle.  The preliminary materials
examined were pertamethylcyclopentasiloxane rings with peadant
mesogenic groups attached as shown in Figure 4. These materials
consist of a cyclic siloxane core with two different mesogenic groups
attached through appropriate groups. These mesogens, cholesterol
and biphenyl, were connected tc the siloxane rings by
allyloxybenzoic acid leader groups. These materials (Wacker L.C.
Silicones) were produced by Wacker Chzime and supplied by Dr. F. H.
Kreuzer of the Consortzim fur Elektiochemische Industric GmbH.
Altheugh shown in Figure 4 as consisting of cnz ring size, it has been
shown by Krishnamurthy [4] that these materials consist of a variety

of ring sizes with § being the predominant size.
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Figure 4: Schematic of cyclic siloxame ring with mesogenic
groups attached through appropriate leaders
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Due to the chiral aatcre of the cholesterol molecule, these
materizls form z cholesteric liquid crystal and thus selectively reflect
circularly polarized iight at a given wavelength. By changing the
ratio of the cholesterol to biphenyl coatent, this refiection
wavelength ¢an be varied from the ultravioiet (UV) to the near
irfrared (NIR). Table 1 lists the four compeunds examined with their
selective reflection wavelengths and the statistical mole fraction of

cholesterol mesogen wiihin the ring tased on a2 S-membered ring.

i Table 1
-~ -,
L4
Compound # Xcpol Amax_{nm)
H 0.40 440
2 0.36 518
3 0.31 610
4 0.14 1190

Several groups have exploited the opticai properties of these
materials including Tsai et al. {5} who developed a laser notch filter
centered in the visible spectra, Pinsl et al. {6} who developed a write-
once-read-many {WORM) optical storage material, and Ordler et al. (7)
who has developed a seversible read-write organic holographic
optical datx storage material. These applications take advantage of
the iquid crystalline order on 2 macroscopic scale. Preliminary X-ray
investigations (8] have 2iso indicated a high degree of order on a
molecular scale uncharacteristic of liquid crystalline materials. This

report detzils the characterization of the four materials listed in
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Tatie 1 using Differeatial Scanning Calorimetry (DSC). Thermal
Gravimetric Analysis (TGA), Scanning and Transmission Microscopy
(SEM/TEM), ultraviolet-visible-ncar infrared spectroscopy (1IV-VIS-
NIR), and polarized optical microscopy (POM).  These four
characierization methods were used to obtain preliminary
information on the thermal, optical, and macroscopic packing
behavior as it relates o possible applications of these materials as
organic optical materials. X-ray diffraciion techniques were alse
employed to cxamine the molecelar packingy behavior of these
materials. Emphasis was placed on interpreting unique Wide-Angle
and Sniall-Angle X-ray Scatiering (WAXS and SAXS) patteras
obiained from these materials in a variety of forms including film,

fiber, and powder samples.




Section I
METHODS

X-raz Diifracticn

X-ray diffraction experiments were performed on either 2
Rigaku RU-300 {cperated at 12kW at 40kV, 300mA) or a Rigaku RU-
200 (operated at 12kW at 60 kV, 200mA) rotating anode generator
using CuKa radiation {graphite moncckromator).  Tranamiszion
photographs were recorded with an evacuated Statton Camera {fiat
film) using various sample-to-film distances including 50 mm, 72.9

mm and 170 mm. Several samples wet% also examined with a

Philips X-ray microcsmera equipped with a 2-mil collimater. D-
spacing calibrations were performed with the National Bureau of
Standard’s‘ Reference Material 640 (Si  powder). Elevated
temperature work was performed on capillaries packed with the
powered niterial in a hememade heating block fitted to the inside of
the Statton camerz. The heater was ;owcwd with a variable voltage
source and temperature was monitored with sa Omega 650 Type I
thermocouple.

Films of the materisls were obisined by shearing the materiai
between two Teflon sheeis. Theso, sheetls wers sandwiched between
two microscope slides and 3sbseguent movement of one over the
other caused sudden orientatinn of the matzrisl into its Grandjean
(planar) packing siate. Film shearing was pecformed in the liquid
crystalline phase at elevsted temperatures of 130-150°C e a hot
plate. Upon removal of thz filzn from the hess source. ambieni air




coooling quenched ihe material into a glass. Although glassy, the
liguid crystalline order was frczea into the thin films.

An interesting property of these materiais was their ability to
be drawn into fibers, although they do not contaic long extended
polymeric backbones. Typically associated with polymeric miaterials,
fiber drawing occurs because of to the high degree of longitudinal
interactions caused by covalent bonding of nearest ncighbors over
many atoms which hold the material together. This ailows polymeric
materials 10 be stretched, thereby forming an array of extended
polymer chains. Low meleculsr weight materials typically are held
together only by weak iniermolecular forces such as Van der Waals
interactions and therefore cannot withstand the tensile forces when
drawn.

Fibers wzre drawn from these materials by pulling strands of
various Giameters with a spatula from the liquid crystailine melt
(130-150°C). These fibers quickly cooled in air.  Although britde at
room temperature owing to their glassy texture, fibers of long iength
(tens of meters) could be drawn from she liquid crystal mesophase

rather easily.

Ihermal . Apaiysis

Diffcrential Scanning Calorimetry (DSC} was performed on
either a Perkin-Elmer DSC-2C sguipped witk a Thermal Analysie Datz
Staition or a Dupont 910 DSC equipped with an OMNITHERM
ATVANTAGE I controller. Al reported transition values were taken
from ths second of two beating scans so that cach sample had the

same thermal! histery.




Thermal Gravimetric Analysis (TGA) was performed on a
Dupont TGA controlied wish an OMNITHERM 335053 coatroller.
Samples were run in air, Msss spectroscopy was performed on the
degradation producis by Systems Kesearch Labcoratories through
MLBP {(Polymer Branch).

Rolarized Optical Microscopy

Polarized optical microscopy (POM) was performed on a Nikon
Optiphot-Pol microscope equipped with a Microfiex UFX-]I
photemicrographic attachment. FPhotographs were taken with either
a Nikon FX-35WA 35 mm camera or 2 Polaroid Mode! 545 4x5 film
holder. Other color prints were obtained with a Javelin color video
thermal printer. A Panasonic WV-6200 color vidso camera aitached
to the microscope was used to chirin images for the thermal printer.

Hot stage microscopy was perfermed with & Fryer A-200
temperztore controlicr. Powdered material was placed between two
cover giass slips and heaied to the desired temperature. Glassy film
and fiber samples were aiso examined at yoom temperxture on glass

substrales,

IV.VIS-N 2

The visible opticali properties (sclective reflection zand
scaltering) were cxamined with 2 Perkin-Elmer Lambda 4B UV/VIS
spectrophotometer and a Lambdz 9 UV-VIS spectrophotometer.  The
Lambda 4R was equipped with as integrating sphere which allowed
the specular reflection to be measured.  The optical properties in the




near infrared region were examined with a Perkin-Elmer Lambda 9
UV/VIS/NIR spectrophotometer.

Sampiles to be examined were zacared bestween microscepe
slides on a hot plate at 150°C. The microscope slides were cleaned
with toluzne before use. The material was sheared to align the
cholesteric helices and then cooled in air. Spectra were taken with
the light propagation direction normal to the glass slides. A blank
substzate spectrum was subtracted from the sample spectrum. Films
(foils) of the Wacker LC-Silicones sheared on black paper obtained
from F.H. Kreuzer [9] were examined in the refiection mode. Sheared
samples between glass slides were measured in the absorption mode.
Since these materisls do not absorb inm the visible, the absception
spectra were almost identical to the reflection specira.  All siides
examined were annealed for 72 hours at 120-130°C after the initial
scan to obtzin the same thermal history. Values for A and AL pyyipy

were compared before and after anneaiing.

S . i Trapemission El Mi (SEM/TEM

SEM was performed on cither an BPSSOB Coates and Welter
field emission SEM equipped with a cold cathode {at the University of
Connecticut) or & Hitschi $-900 SEM equipped with 2 ficid emission
gun and an immersion lens system {at MLLM chzaracterization
facility). This latter issirumeat allowed for very lew cperating
voltages toc be employed cpabling micrestruciures to be recorded
without baving to coat & cenductive layer of metal on the surfsce o
be examined. A freeze-fracture technique was employed with both

film and fiber samples, This cousisted of immersing the sample in

£2




liquid nitrogena followed by fracturing along the desired axis.
Anncaled fiber samples were prepared by floating them oz water at
70-80°C until the desired shrinkage was obtained. Thesz fibers were
ther cooled in ice water and fractured.

TEM was performed with a Philips 300 electron micrscope.

Samples investigated were embedded within an epoxy mairix and

thin samples (<1000 A) were microtomed with a diamond knife. The
original epcay system needed an elevated temperature (60-70°C) to
cure. This heating was observed to shrink the sample thereby
destroying ike alignment of the cholesteric helices. A second room
temperature curing epoxy system was subsequently employed in the

preparation of the TEM samples.
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Section III
THERMAL CHARACTERIZATION

The glass transition (T’) and clearing temperatures (T, for the
four Wacker LC-Siliconc producis examined are listed in Table 2.
These values fail within the reported {i0] ranges of 40-50°C for the
Ty and 180-210°C for the Ty obtained with the materials. A sypical
DSC scar is showa in Figure 5.
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Figure 5: Typical DSC scan for these l.c. materials
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Table 2

Compound T, (°C) T C)
1 44.0¢ 196.2
2 45.1 2066.3
3 42.4 191.3
4 47.3 182.9

TGA revealed a2 three-step degradation process in air.  Mass
spectroscopy of the degradation products revealed fragments were
reieased primarily at two temperatures, 335°C and 440cC.
Comparisans between compounds 1 asné 4 roveal that 11% of the
initial sample weight for compound 4 and 55% of the iniiial sample
weight for compound ! is lost at 3350C. This difference is due to the
increased mole fraction of cholesierol in compound 1. Thus, the
breskup of th® cholesierol-coniainicg pendant group accounts for the
low iemperatute fragments. Alse noisd was the poer agseement
beiween weight lois and volatile-product detection in compound 1
which was as iadication of sublimation.  This indicaies the
cholesterol mesogens were less siabie than the biphenyl mesogens
when heated in air,

13




Section IV

UV-VI3-NIR SPECTROSCOPY RESULTS

The sclective reflection wavelengths shown in Tabie 1 were
measured vsing UV-VIS-N:R speciroscopy ou sandwiched fiims using
giass as the substrates. The behavior of unpolarized radiation
incident normai to an aligned cholesteric film is represented i
Figure 6. If the pitch of she materizl i3 such that the wasvelength
obtained froin equsticn } is the same waveicngth as the unpolarized
radiation, half the radiation will be reflected with the other half
being transmutted. The handedness of the rcflected radiation is tike
same as that of the matwerial. Opposite bandedncss radiation is

transmitted unaffected. The reflection bandwidth is governed by

cquation 2.
Unpolarized -
Radaton TR
Refiected RH
Raflocted R
Optic Right-handed
Axis helicas
Ao =P

Figure 6: Schemasic of selective reflection behavior
Jram aligned cholesteric helices
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A=n * P Eq. 1

AA=An * P Eq.2

In these equations, n is the average index of refraction, P is the
pitch of the belix (distance (see Figure 2) it takes the director to
rraverse 360°), An is the birefringence, A is the selective reflection

wavelength, and AA is the bandwidth of the reflection band. These

cquations have been developed based on the pioneering work of

DeVries [11).

When the pitch of the helices are on the order of the

waveleigth of visible light, these maiterials become highly iridescent.

P-£ Loaod 8010 HSCCYCATIN 081/ 0.0 48.57 u

456.5 w scan <0 BOE ST 1RSP 3570 108 €20 091
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Figure 7: Typical refleciion spectra of compound 1

Figure 7

shows a typical reflection spectra obtained with an

inlegrating sphere aitached to a UV-VIS spectizophotometer. 1t

should be noted shat «hese materials have iittle absorption outside

17




the reflection band thrcugh the eatire visible region and thercfore
normal transmission or absorption spectroscopy can be used to
cbtain the results shown in Figuore 7.

Interestingly, the reflection wavelengih and tandwidth were
observed to be partially controllable by thermal znneslisg fa an oven
ncar the clearing points of the materials ssitdwicked beiween glass
substrates. Table 3 shows both the reflection waveizngth and
bandwidth for the visibly reflecting materials btk before and after
annealing. Anncsling was performed at 120-1305C for 72 hours.

Table 3
Annealing Results on Waveleagth gnd Bandwidth

Before After Change
Anrealing Annealing

Sample A {nm) AX (am) A (am) AA (em) A (am) AL (am)

1 475 71 4406 68 -35 -9
2 553 112 515 &3 -38 -19
674 133 £10 117 -64 -16

As Table 3 shows, the reflection waveiength was shortened and
the reflection bandwidth shrank with annesling. This bebavior was
attributed to an incresze in the packing bchavior of the liquid
crystalline mesogens allowing & better continuity from layer to layer

which subsequentiy shortens the pitch. Examinations were also

18




conducted at an annealing tempesituze of 90°C but very smail
changes in the reflection wavelengih were abserved.  However,
comparable changes in the reflection baadwidth were observed.
Investigations with the top substrate removed resulied in similar
changes to the reflection behavior. The resulting wavelengths and
bandwidths were stable at room temperature indefinitely. These
results indicate the possibility of “tuning™ both the reflection
wavclength and bandwidth by controlled annealing for given period
of tims.

Also measured were the reflection wavelengths obtained from
these threce materials coated on black paper as supplied by Dr. F.H.
Kreuzer. Cross-sections of hese fiims were also investigated with
SEM which allowed for direct visuai measurement of the pitch
distances. Armed with these two figurss, the average index of
refraction as given in Eq. 1 can b calculated. Tkese results will be

discussed in Section VI.
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Section V
OPTICAL MICROSCOPY RESULTS

Optical microscopy was used to examine the phase behavior of

these materials as welt as the aomogeneity of the isotropic liquids.
Crossed polarizing microscopy clearly indicated one of two typss of
textures at clevated temperatures characteristic of cholesteric
materials. Figure 8 shows a typical focal-conic texturz characteristic
of random crientation of the helical axes through the film. Upon
movement of the top cover glass slip, sudden orientation of the
helices occurs which aligns the material into its Grandjean (planar)
state. This texture is responsible for the sclective reflection behavior
as observed in Figures 6 and 7. Under crossed polariz s, this
aligned packing orientation exhibits a characteristic "oily® texture as

shown in Figure S.

Figure 8: Characteristic focal-conic texture as observed
with optical microscopy (200 X)
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Figure 9: Characieristic planar texture as seen with
optical microscopy (200 X)

The homogeneity of these materials was also examined
qualiitatively by examining the texture of the liquid crystalline and
isotropic phases. Tuese cxaminations clearly showed the presence of
foreign particles within the bulk of the material. This behavior was
expecied as preliminary TLC examinations showed a number of spots
for all materials which indicates impurities. These foreign particles
can act as scattering and nucleation sites which disrupt the relative
orientation of the helices and thus the optical performance of these
materials.

Microscopy was 2lso used to examine the relative birefringence
of fibers drawn from these materials. This behavior is unique
because of the low molccular weights of taese materials.  Under

a

crosscd polarizers, fibers of all four materials were bitefringent.  As
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Figure 10 shows, when the stage is rotated through 45°, the fibers
that were originally dark become light and vice versa. Fibers of
compound ! were much morz birefringent than fibers of compound
4.

Figure 10: Fibers observed with optical microscopy. Bottom fibers
kave been rotated 45° with respect to the top fiber
{crossed polarizersj (compound 1-fiber diameters~100pum)

n
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Section Vi
SEM/TEM RESULTS

The uniformity of the macroscopic packing needed for high
optical quality componeats was cxamined with both zcanning
clectron microscopy (SEM) aad transmission zlectron microscopy
(TEM). Various types of defects present in cholesteric materials,
contaminants introduced ir the syathesis and handling, and

misalignment owing to soor shear conditions can be observed with

clectron micrescopy. Fracture surfaces of an cdge geometry from

cholesteric materials also reveal a regular lamellar stratificstion
corresponding to the balf-helical pitch P/2. Thic topography is due
to the continuvally changing orientstions of the mesogens with resgpect
to the fracture plane as they rotate through the thickness of the film.

Examinations of sheared films from these materials indicate a
very good macroscopic alignment of the cholesteric axis with respect
to the glass substrates. Fraciure surfaces tangent to the cholesteric
axis (i.e., edge surfaces formed by fracturing a thin sample) vividly
show the Grandjean texture. Figure 11, which shows the entire
fracture surface of a film, indicates the spacing of the cholesteric
planes was fairly uniform asd parallel to the film surfzce. Higher
mzgnification examinations reveal areas where the alignment was
very good and allow for direct measurement of the cholesteric pitch
distances (Figure 12). In both: of these figures, the lrmellar spacing
corresponds to a distance of P/2. Even with this appareat
uniformiity, there is considerable room for improvement as

evidenced by the surface layers of Figure 11. The aligament of the
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surface iayers was not as uniform as in the middle of the fracture
surface. This misalignment and the large number of disclinations
(liquid crystailine defectz) present im the bulk gresily reduce the

opticai gquality and the laser damags thresholds for thece materials.

The granularity present in Figure 12 was attributed to a conductive
coating applied on nonconductive samples with standard SEM
techoigues.  Ezaminations with the Hitschi jow voltage SEM
confirmed this behavior as sample: viewed with this microscope
showed a marked absence of the granularity. Uncoased samples
could bs examined with this scope because of its low operating

voltage.

Figure 11: SEM micrograph of cross-section of fractured arza

(254 mm=5 pum}
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Figure 12: Magnified view of selected areg in Figure 11

(6 mm=I100 am}

The actuai pitch disiznces were measured using SEM on

compounds 1-3. Great care was taken to ensure that photographs

weie taken with @ viewing angle of 906, Other work has shown that
the tesulting fracture pattern observed with electron microscopy is
greatly depesdent on the viewing angie. Data were obtained by
measuring the distance over a number of repeats and then averaging
them to obtain an average distance of the pitch. Table 4 shows the
measured values of the pitch 2long with the measured seflective

wavsiengths obtained for the same samples. This alicws the index of

refraction of these materials to be caiculated. The lm‘ valozs were

obtained from the thin films on black paper cbusined from Dr. F.H.

Kreuzer as mentioned in Section 1V.




Compound Pitch (nm) Amax (nm)

288

335

400

Material:  ihat  were annealed above their clearing
temperatures 2ad then cooled to room temperature without applying
shear were also investigated, As Figure 13 shows, tie random focal-
conic packing of the cholesteric belices was clearly evident. The lines
or layers in this figure have an average spacing of P/2 and reveal the
periodic layered structure expecicd of a helical material.  This
microstructure also shows the rzndomness of a focal-conic structure.
This misalignment of the cholesteric axes results in random refiection
{scatter) of light in all directions which reeults in an optically opagque

material.




Figure 12: Typicai random-conic orientation of helices as
observed with SEM (10 mm=1 pm)

The presence aof absorbing or scattering particulates within
films of these materials ultimately decreases optical quality and
lowers laser damage threshold. Figure 14 shows an inclusion of dust
within a fracture cross-section of one of these films. This clearly
demonstrates the misaligned layers surrounding this inclusion. To
produce the clarity that would warrant the use of these materials for
optical purposes, the control of orientation in these films must be
achieved.  This includes the optimization of shear stress during

formation of thin films, elimination of inclusions. and achievement of

uniform thicknesses in thin films. Using thinner coatings would

decrease scattering caused by inclusions because of the lower
probability of their occurrence, but this would be partially offset by

an increasing amount of surface randomness arising from an




increased volume percentage of this material. Additionally, below 2

certain thickmess the matenal will not significantly aitenuate

inccming radiation [12].

Figure I14: Inclusion present within film as observed
with SEM (51 mm=5 um})

Fibers of various diameters were also examined with electron
microscopy (Figure 15). The holes in the surface plane are due to air
bubbles being stretched when the fibers are drawn. No evidence of a
mature cholesteric texture was observed for thin fractured fibers
érawn and quenched from the melt. Figure 16 shows a morphology
that does not contain the characteristic lameilar fracture serfaces
observed in thin film fracture surfaces. Fibers which were annealed,
kowever, do show the characteristic focal-conic texture although

these fibers shrank into a blob during the anrealing process. It is
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Figure 15: Cross-ssction of a typical fiber (51 mm=100 um)

Figure 16: Fiber (unanealed} cross-seciioa fracture exhibiting
featureless morphology
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hypothesized for very thin fibers that tie high draw stress untwists
tae hedical axis alonz the length of the fiber and therefore no
sholesteric texture is observed. Upon annealing, however, the
material relaxes back to its most thermodynamically stable state, the
focel-conic packing structure, and this random structure was
observed to rseappear.

TEM resuits generally confirm the results of the SEM analysis.
Recause of the different orientations of the molecules 25 at twists in
its cholesteric state, 2 series of bright and dark lines were observed
with TEM. A typicai micrograph, shown in Figure 17, reveals the
high degrec of contrast among striations, These lines were attributed
to the periodic structure of the cholesteric axes aad minimum
distances between parallel light or dark lines correspond well to the
measured spacings obtained with SEM. Since the least transmission
of an clectron beam makes a dark region ca the TEM micrograph, the
dark swuiations comrespond to molecules normal to the beam
direction, and the white striations correspond to molecules parallel
{13}. io analogy to the SEM results, Figure 17 shows regions where a
relatively high degree of paraliclism among siriations indicates good

macroscopic order.
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Figure 17: TEM micrograph showing good macroscopic order
{254 mm=12 jim)

Owing to the high degree of coatrast, this method is very
powerful in examining not only the relavive packiag structure but
-Isc defects including disclinations and dislocations as well as foreign
particulate matter embedded within the material. Figure 18 shows a

region containing a number of liquid crystalline dcfect structures.
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Figure 18: Characteristic TEM photograph showing high comtrast
resulting from tie cholesteric phase behavior
(25.4 mm=6.! um)
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Section VII
X-RAY DIFFRACTION RESULTS
Edge Geometrics
Film samples were run in two separate orientations, designated edge

and normal as shown in Figure 19. Figures 20-23 show the edge
WAXS patterns for all four materials listed in Table 1. The most
striking aftribute of these diffraction patierns was the higher order
layer reflections observed along the meridian. The appearance of
these high order reflection lines signifies the presence of 2 layered
struciure containing siganificant order. This bebavior is unexpected
because these materials were cholesteric (i.c., twisted nematic) and

therefore should have no positiona! order amcng mesogens.

a) Cholesteric Film

Figure 19: Schematic of X-ray crientasions with respect to
film edge and normal classifizations
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Figure 20: X-ray WAXS pattern from compound 1

Figure zi: X-ray WAXS pattern from compownd 2
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Figure 22: X-ray WAXS paitern from compound 3

Figure 23: X-ray WAXS pattern from compound 4
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Table 5 shows the observed X-ray reflections from film edges
for al} four samples. The low angle reflections will be discussed later.
Three of these compounds showed four meridional layer lines while

compound 4 (x,.,=0.14) showed six layer lines. The calculated

spacings presented in this table were based on the average value of
the primary d-spacings determined from each layer line. As shown,
these calculated higher order d-spacings were in good agreement
with the observed d-spacings which suggests ihese spacings were

multiple ozder reflections from a primary layer line. The dependence

of the oth order layer lines on x ., also indicates these refiections

cho
were multiple order reflections from a primary layer line. These
higher order reflections were attributed to a well defined layered
smectic-A like structure with long-range positional oider of the
mesogens §14,15].  Typical smectic-A structures may be modeled
using 2 wesk sinusoidal slectron density distribution (Figure 24(a))
which ususliy results in the appearance of only the first order layer
line in a diffraction pattern (Figure 24(v)). As shown, long-range
order is typicaily nceded for the appearance of higher order d-
spacings. The appearance of 5th and 6th ordes layer lines as in
compound 4 suggests these materials werc unusually ordered. This
order can te represented by layers perpendicuiar to the fiim
surfaces where mesogens lie within these layers and subsequently
in a plane parzilel to the surface of a film. This is contrary to 2
typical twisted nematic model where the mesogens can be
represented as lying within a plane parallel to the surface but with
no positional order within that plane. The appearance of these

Jé




Table S

X-av Edge Diftaction D

X c=().40 film {edge)

Meridional Diffraction Caiculated
spacings, A order spacings **
49.0 (smait angle)
25.4 1 25.0
12.2 (weak) 2 12.5
8.2 3 8.3
6.4 (weak) 4 8.3
Equatorial crescent - 5.1 A
X c=0.36 film (edge)
Meridional Diffraction Calcuiated
spacings, A order spacings °**
50.0 (small angle)
25.0 1 24.6
12.1 (weak) 2 12.3
8.1 3 8.2
6.2 (weak) 4 6.2

Equatorial crescent - 5.0 A
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Tabie 5 (con't)

x¢=0.31 film (edge)

Meridional Diffraction Calcuiated
spacings, A order spacings **

50.0 (smail angle)
240

Equatorial crescent - 4.8 A

x.=0.14 {ilm (edge)

Meridional Diffraction Calculated
spacings, A order spacings **

-- {no small angle maximum)

3.9
Equatoriai crescent - 4.5 A

** .. Cslculsted from average d-spacing obtained from observed
layer spacings




multiple order layer iiaes from film edges, however, indicates long-
term positional order of the mesogens within the planes.
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Figure 24: Electron density distribution for iypicai smectic-A
materials and the corresponding X-ray diffraction paiterns [i6]
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Also present in these edge patterns were diffese equatorial
cresceats with broad azimuthal distributions which correspend o the
latera! intermolecuiar distances within a single layer. The broad
distributior of rcflections indicates the liguid-like metion of the
mesogens and suggests that these materials have raadom lazeral
interactions. This is typical of smectic-A materials (Figure 2£) which

do not have order within a layer.

Figure 25: Typical smectic-A liquid crystaliine geometry

There was a strong linear correlation of the length of both the
primary d-spacings and the lateral distances with respect to mole
fraction cholesterol as shown in Figare 26. As the mole fraction of
cholesteral incrzased within the ring system, both the primary d-
specing and lateral distance increased. The latter of these can be
auributed to the larger diameter (of a cylinder cut out in space
caused by rotation around the primary axis of cach mesogen) cf the
cholesterol mesogen verses the biphenyl mesogen.  The lincar
dependence of the primary d-spacing with respect to the mole
fraction cholesterol indicates this mesogenic system was behaving as
a single compound and thus follows the rule of additivity proposed
by Diele {i7].
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Figure 26: Linear dependerce of primary d-spacings and
lateral spacings with mole fraction cholestzrol

He has shown that some mixtures containing mesogens of different
lengths show only one Bragg reflection which is governed by
Equatioa 3:

d = x1*L; + x2*La. Eg. 3
These observed reflections vary lincarly with the average of the
individual extended molecular lengths of each mesogen, L aud Lj.
This behavior is expecied when 2 mixed mesogen system behaves
statistically as cne (i.e., there are no intermolecular phasc differences
between mesogens). The linear dependence of the primary d-
spacings for these materials suggests the packing behavior
responsibie for the lamellar-like structure was due to a statistical

average of the two mesogens present within the ring system.
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Based on the size of this primary d-spacing and the higher
order layer lines, a model (Figure 27) consisting of highly
interdigitated mesogens delinecated by the central siloxane rings has
been proposed. In this model, the mesogens show a high degree of
interdigitation with respect to one another analogous to the mixed

mesogen system discussed above. Berwzen the mesogens, the cyclic

siloxane ring is positioned in a thin interface (<5 A) of siloxane-rich

material. Due to chemical dissimilarities between this siloxane-rich
interface and the hydrocarbon regions, a2 “microphase™ separation
induces a lamellar-like structure. These striations give risc to long-
range order atypical of cholesteric materials which presents iiself as
higher order reflections in the corresponding X-ray patterns. The
exact conformation of the cyclic ring in the interfacz with respect to

the mesogenic positions is currently being investigated.

Figure 27: Proposed model of lamellar-like structure




X-ray patizras taken normal to a film surface exhibit uniform
azimuthal intensity rings with the same d-spacings as observed with
the edge samples. WAXS normal patierns of compousds 1 and 4 are
shown in Figures 28 and 29. As discussed easlier, these materiais
are cholesteric on a macromclecular scale witk the helical axis
normal to the film surfaces. This behavior is induced by tbe chiral
steroid molecuies whicn cause slight rotation of each subsequent
layer as they traverse through a film. As an X-ray beam passes
through the film (parallel to helical axis), it sces all possible
orientations of the molecules 2ad thus gencrates cven intensity rings

similar to a powdsr pattern.

Figure 28: Typical normal WAXS diffraction pattern of compound 1
43




Figure 29: Tspical normal WAXS diffraction paitern for compound 4

The model discussed carlier can be extrapolated to a
macromolecular scale as shown ir Figure 30. The individual lamellae
slowly twist on 2 molecular scale giving rise to the macromolecular .
twist (normal to the film substratzs) typical of cholesteric materials.
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Figure 30: Macroscopic helical twist of lamallae induced
bv chiral mesogens

SAXS Resulis

Also shown in Tahle 5 were low-angle reflections (50 A)
chserved on the meridian for both edge and normal geometries.
Small-angle data were obtaincd using a2 sample-to-film distance of
170 mm. A typica! small-angle pattern, shown in Figure 31, shows
the primary layer reficction, the third order layer line, and a diffuse
low argle reflection.  The intensity of the 2nd order layer fice was
too smail in soine instances to be observed. The intensity on the
equator neyr the beam stop is typicaily attributed to "void”
scattering, where 2 horizontal streak corresponds to axially

(vertically) elopgated voids.
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Figure 31- Typicel smalil-anglz diffraction patterx (zompound 4)

Unlike the primary layer spacings, there was ac dependence of
this low-angle spacing with Xchoi. There was, howoves, a strong
intensity dependsnce of this reflection with mole fraction cholzstzrol,
As Figure 32 shows, the small angle reflection became weaker
comnpared to the normalized primary layer reficction a3 Xcho: was
decreased. Compound 1 exhibits a strong low angle reflection while
compound 4 exhibits no low angle reflection. This trend, coupled
with the nondependence cf this spacing on Xcaqt, indicates this
reflection was caused by regions where the cholesterol mezogess
could not become fully interdigitated as previously shown in Figure
27. Figure 32 suggests the frequency of the packing domains causing

this low-anglz reficction increased with an increase im xgpor.  This
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increased frequency disrupts the long-range order of the highly
interdigitated regions as shown in Figure 33. Compound 4 ciearly
exhibits four layer lines with a marked abserice of the smali-angle
reflection. Contrary to this behavior, compound 1 clearly shows the
presence of a strong small-angle reflection and very wezk higher
osder layer lines. This behavior indicates a shift in the packing
behavior which was strongly dependent on the mole fraction
cholesterol. The presence of strong 2nd and 4th order layer lines in
addition 1o 5th and 6th order lines indicates compound 4 possesses

long-range order to a greater degree than the other three materials.

Figure 32: Intensity varigtisss ¢f small-argle reflectiors

witis respect to mole fraction cholesieral
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Figure 33: Disruption of long-range order based on SAXS

The domination of cholesterol in the packing structure of liquid
crystalline polymers has been observed before by Freidzon [18).
With cholesterol containing acrylate and methacrylate polymers
(>30%), he observed packing structures with various degrees of
interdigitation dependiag on the length of the leader group.
Specifically, when medium lengih leader groups were used to attach
cholesterol to the backbone, both a highly ordered interdigitated
packing structure and a less ordered structure were obscrved. The
highly interdigitated structure corresponded closzly to the molecular
length of the mesogen plus the backbone. The less ordered packing
structure was aiiributed to the partial overlap of the cholesterol
mesogens. Due to steric hinderances, the cholesterol mesogens were
only allowed to superimpose their aliphatic tails. The measured low-
angie reflection corresponded closely to the calculated extended end-
to-end molecular dimensions of this model.  Decreasing the Iength of
the leader group resulted in a greater frequency of this low-angle
reflection as the decreased flexibility increases the steric

interactions. Convessely, increasing the length of the leader group
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decreased the frequency of this less ordered structure and the highly
interdigitated structure became dominant,

In comparison, ihe packing behavior observed with the
Wackzr L -Silicones is analogons, 235 two types of packicg, one a
highly intcrdigitated structure and the other a less ordered structure,
were present. With the low x . materisi {x =0.14), the system
behaves as & single component where the mesogeas are forced apart
into a highly layered structure due to the cyclic siloxame ring. As
more and more cholesterol is added to the material, it disrupts the
highly icterdigitated structure as it I; sterically unable tc “squecze”
into the laversd structure. Iastead, it forms regions where
cholesterol cannot interdigitate and thus a larger (low-angle) spacing
was observed. As the frequency of these regions increases, they
disrupt the contiavity of the long-range order which was svidenced
by the weaker higher order layer lines in the higher x , ; samples.
Fiber Diffracti

As mentioned previously, the fiber drawing capabiiities ot
these materials is uynique dee to their low molecuiar weights. Glassy
fibers of vancas diameters were investigated with WAXS and SAXS
geometries shown in Figare 34. X-ray patterns tak*n from fibers
resembie those of the film edge as shown in Figwe 35. The higher
order layer lincs residing on the meridian suggest the mesogens
were aligned parailel to the fiber direction and siubsequently the
lamehiar structure was perpendicular fo the fiber axis. This behavior
was partially confirmed with SEM as discussed carlier. This is
contrary 1o most fiber patterns of side-chain iiquid crystalline

polymers where ihe backbone is typically aligned narallel to the
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fiber direction with the side-chain mesogens aligned perpendicular
to the fiber axis. Although this material is a side-chain liquid
crystalline material, on a mzcroscopic scale, it resembles a main-
chain hquid crystalline material where the interdigitated chains are
parallel @ the fiber dirsction. It is hypothesized that as the material
was drawn, the cholesteric helix was untwisted to give a fiber wiih
uniaxial order. The high degres of interdigitation among mesogens
along the fiber dirsction perhaps imparts enougi longitudinal
(tensile) strength to the materials to allow fibess to be drawa.

Thermally annesly
-350k ¥

N

Uniaxial Fiber
{quenched)

¢) Annealed Fiber

Figure 34: X-ray diffraction geometries used with Jibers
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Figure 35: Typical WAXS patiern of fiber-compound 4

V. ¢ - Resylt

Powder diffraction patterns for two of the Wacker LC-Silicones
were obtained av a series of temperatures to confirm that the X-ray
reflections observed from the glassy film and fiber samples were not
a manifestation of the glass. Compound 1 was examined at
successive temperatures of 25°C, 100oC, 160°C, and 230°C while
compound 4 was examined at 250C, 1550C, 165°C, 200¢C, and 230°C,
and 100°C. These temperatures span from the glassy state to above
the clearing temperatures.  Figures 36-39 show the behavior of

compound 4 as it was heaied from the glassy siate {25°C), to the
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liquid crystailine phase (165°C), to the isotropic siate (230°C), and
finally cooled back to the liquid crystalline phase (100°C). Upon
heating into the isotropic phase, the wide-angle haio attributed to the
liquid-like motions of the mesogens become very diffuse while the
other reflections disappear. Upon cooling below the clearing point,
the reappearance of these X-ray reflections suggest they are indeed
due to inherent structure preseat within the liquid crystalline

mescphase.

Figure 36: Compound 4 at 25°C
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Figure 37: Compound 4 at 165°C

Figure 38: Compround 4 at 230°C
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Figure 39: Compound 4 at 100°C
The X-ray patterns for both compounds taken from within the
liquid crystalline region compare vesy well to those tsken at room
temperature. A slight iengthening (~1.0A) of the primary d-spaciags
(as well as the lateral spzcings) with temperaturc was ob erved for
both compounds as shown in Tables 6 sad 7. The lateral spacings
also increasad slightly with temperature. This was attribuied to the

increased mobility (liguid-like motion of mesogens) as the
temperature was increased. The behavior of the low angle reflection
couid not be observed because of the short sample-to-film distance.
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Table 6

Spaci Function of T for C I

d-spaciag (A) Lateral spacing (A)

249 5.2
25.9 5.25

26.1 5.4
o= very diffuse

Table 7

Spaci Funciion of T for C ! 4

d-spacing (A) Lateral spacing (A)

21.6 4.5
21.9 4.7
22.2 5.1
--- 5.1
- 5.1
4.6




Microcamera resuits

Several attempts were made to examine individual thin fibers

(<30um) using a mictocamera. Fibers of compounds 1 and 4 were
ecxamined. These fibers were accidently formed when spin coating
the Wacker LC-Silicones onto glass substrates using an in-house spin
coater. Fibers were observed to form as individual filameats exited
the glass substrates radially and subsequently became wrapped
around the rotor. The very fast rotation for:ned mats of thin fibers
with a consistency similar to cotton candy as shown in Figure 40.
Groups of these {fibers were first examined by pulling them roughly
uniaxial and examining these with a Statton camera (50 mm). These
mats show X-ray patterns (Figures 41 and 42) similar to individual
hand-drawn fibers. Again, there were multiple order reflections on

the meridian suggesting liquid crystailine order parallel to the fiber

axes.

Figure 40: Thin fibers as cbserved under crossed polarizers
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Figure 42: Diffraction pattern frem group of fibrils of compound 4
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individual filamenis (<30um) from thes2 spun coat fibers were
examined with a microcamers fo investigate the relstive ordering
with respect to the mats of fiderc shown im Figures 41 and 42.
Specifically, do the irdividua® filameats possess exceptiona! ordering
because of the high sheuwr 11 wae stbjecwed o in the fiber formation
procass?  Individea! fibers were inogated in the microcamcsa and
exposed for 24-72 horzs onm the KU.2GC gemerator. The resulting
natterns cbtzineé for compound: 1 and 4, Figures 43 and 44, show
Iess ordering than :be mats of fibass. TLe orientation of the
individaal! filameats iz shown by the arrow. These figures clearly
show poer corientation as almost conicatric sings were observed.
There was some orientation oxhibited 21 demoastrated by the larger
cquatorial crescents but muck Jess than that exhidited in Figures 41
and 4Z. This behavior was wmexpected as thin filaments from a
group of fidrils typically exhibit better alizament than the group
itself.

Possible cxplanatioas incitde some sost of X-ray beam Leating
which because of e vory thin diameters shrinks and zelaxes the
fihers. This eclastic behavicr has bsen observed with band-drawn
fibers which when heaied to 60°C, quickly shrink into a rzndom biob
thereby losing their uniazial order.  As discussed previously,
TEMISEM results have indicsted ihat the orientations of fibrils ia
these shrunken mztedals was {fairly random, similar t20 a for.zl couic
textuse.

Another possidle explanation was the relexation of the uniaxial
order with time. Roughly 6 moaths had passed from the tome when

the fibers were accidently drawn and initially sxamised (Figursr 41
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and 42) with the Statton camera and then finally examined with the
microcamera. Due to the low Tg's of these materials, perhaps over
time the molecules have enough mobility to slowly relax. To date, no
more work has been performed on these "cotton” candy samples.
Stili, the ability of these materials to be drawn into very thin, highly
birefringent fibers leads to possible NLO fiber applications.

Figure 43: X-ray pattern from an individeal
filament of compound 1
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Figure 44: X-ray pattern from an individual
filament of compound 4

Fixed-end Fiber Results
It has been shown by others that annealing fibers of a semi-

crystalline nature at clevated temipcratures peas the T; can cause an
increase in crystallinity.  This has been especixily irme for
polyethylene materials. This increaze in order iz due to an increase
in the relative proportions of crystailine/amorghous regions withis
the fiber. By fixing the fibe: ends, the iong polymer chains align
parallel to the fiber direction when enough encrgy i imparted io
induce thermodynamic mobisity.

This same type of bebavior was examined for a2 thin fiber of
compound 1, A WAXS puttern was taken with the Statton camera
and this same fiber was then anpealled at 56°C, siightly abuve its Ty

for 12 hours, Figures 45 and <6 show the before and after WAXS
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patterns taken from ¢this fiber. The ordering seems o have
decreased as evidenced by the broader arcs in the latter figure. This
was rot unexpected as thermodynamically these materials do not
resemble the typical fiber materials usually applied to this type of
treatment.  For these materials, being pulled into a fiber is not by far
their most favorable thermodynamic state. This has been shown
previously in this report as heating fibers above their Ty causes as
immediate relaxasion into the focal-conic texture. It was thus not
surprising that the order decreased upon anncaling as the material

fights to Jeave the uniaxial packing structure induced on drawing.

Figure 45: F'her pattern of compound I before annealing
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Figure 46: Fiber pattern of compound 1 after annealing

62




CONCLUSIONS

Side-chain liquid crystalline materials offer the pozsibility of
cnhanced nonlinear optical properties duc to their processzbility and
their inherent ability to order. A cyclic siloxane-based chniesteric
liquid crysialline system was initially examined using clecttun and
optical microscopy, X-ray diffraction, and spectroscopy. These
materials consist of a S-membered cyclic siloxane core with
cholesteryl-4-allyloxybenzoate and biphenyl-4-allyloxybenzozte
mesogens attached. The ratio of the two mesogens can be controlled
to selectively reflect light from the UV to the NiIk.

These materials exhibit several unusual properties ipcluding
the ability to be drawn into fibers. These fibers exhibit umiaxial
order with the lamellze oriented perpendicular o those within most
conventional polymeric liquid crystalline fibers. Electron microscopy
indicates an absence of a mature cholesteric twist within the fibess.

X-ray diffraction examinations reveal molecular order atypical
of conventional liquid crystalline materials. Thin film edges and
fibers exhibit 4-6 layer reflections ndicating uausually well defined
long-range uniaxial order. The d-spacing of the primary layer
reflections indicates a highly interdigitated mixed mesogen system
with a thin interface of siloxane separating hydrocaston regions. The
addirion of more cholesterol mesogen seems to disrupt the long range

order.
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